To date, the intrinsic thermal conductivity tensor of bulk black phosphorus (BP), an important 2D material, is still unknown, since recent studies focus on BP flakes not on bulk BP. Here we report the anisotropic thermal conductivity tensor of bulk BP, for 80 ≤ T ≤ 300 K. Our measurements are similar to prior measurements on submicron BP flakes along zigzag and armchair axes, but are >25% higher in the through-plane axis, suggesting that phonon mean-free-paths are substantially longer in the through-plane direction. We find that despite the anisotropy in thermal conductivity, phonons are predominantly scattered by the same Umklapp processes in all directions. We also find that the phonon relaxation time is rather isotropic in the basal planes, but is highly anisotropic in the through-plane direction. Our work advances fundamental knowledge of anisotropic scattering of phonons in BP and is an important benchmark for future studies on thermal properties of BP nanostructures.
thermal conductivity tensor.) The thermal conductivity tensor is strongly anisotropic in all these axes. 4 To date, there are only few experimental works on anisotropic thermal conductivity of BP flakes. Luo et al. 5 and Lee et al. 6 predict that the thermal conductivity of BP could be reduced from the intrinsic bulk value when the sample size is smaller than 100 µm. 8 We note that in all these prior studies, measurements were performed on BP flakes, not on bulk BP. In this regard, thermal conductivity tensor of bulk BP is a crucial benchmark and complement in advancing our understanding of heat transport in BP, e.g., to determine the mean-free-paths of the dominant heat-carrying phonons and to understand the intrinsic phonon scattering mechanisms in BP. We argue that bulk BP should have lateral sizes of at least 100 µm, since accurate measurements could only be performed at low temperatures when the samples are sufficiently large, see our discussion below. Thus, in this study, we focus on accurate measurements on truly bulk, millimeter-sized BP samples. With the large samples, we accurately measured and report in this paper the intrinsic thermal conductivity tensor of bulk BP, in a temperature range of 80 ≤ T ≤ 300 K.
Our samples are three millimeter-sized bulk BP samples, see handling. (BP-1 is exempted from this step since it is large and thick enough.) We then exfoliated the top layers of the BP samples to expose the fresh BP surfaces, and immediately loaded the samples into a UHV thermal evaporation chamber for deposition of a 100 nm thick Al film. The Al film acts as the transducer for our measurements and passivates the fresh BP surfaces. We ensure that the total time that the BP samples were exposed to air is less than 1 minute to minimize oxidation of BP.
Before the thermal measurements, we identify crystallographic orientations of BP by polarized Raman spectroscopy, 12, 13 see Fig. 1c . To improve the accuracy of our determination of the crystallographic orientation of BP, we conduct polarized Raman measurements every 15˚, and fit the measurements with a sin 2 (2θ) function to accurately determine ZZ and AC axes, see Fig. 1d and Methods. We also ensure that the basal planes are perpendicular to the sample surface via x-ray diffraction (XRD) scan of the BP-1 sample. We observe only (0 n 0) peaks, n=4, 6, 8 and is in the TP axis, see Fig. 1e . showing the out-of-plane Ag 1 mode and in-plane B2g and Ag 2 modes, acquired using the parallel-polarization configuration. The sample was rotated so that the angle between incident laser polarization and initial orientation of BP-1 ranges from 0˚ to 90˚, as noted in the plot. Each plot is shifted by 3 × 10 4 Counts W -1 s -1 from previous measurement for clarity. (d) Angle dependence of the integrated intensity of the B2g peak shown in (c) (red circles), and when the measurements were repeated after we rotated the samples by 2˚ (blue squares). The black line is a fit of sin 2 (2θ) to the intensity of the B2g peak. (e) θ -2θ XRD scan of BP-1.
We measure the through-plane thermal conductivity ΛTP of BP by time-domain thermoreflectance (TDTR), 14, 15 and the two in-plane thermal conductivities ΛZZ and ΛAC by the beam-offset TDTR method 16 . Details of our implementation, data analysis and 18, 19 Due to measurements at low f and our large sample size, our value of ΛTP is >25 % higher than the prior reported ΛTP at room temperature, measured with a much higher f of 9 -10 MHz.
4, 11
For beam-offset TDTR method, a low f and a small w0 is required to ensure that the in-plane heat spreading is mainly determined by the heat diffusion in the substrate, see Supplementary Fig. S4 . We thus employed f = 0.5 MHz in our measurements of ΛZZ and ΛAC, much smaller than that of 1.6 MHz 4, 11 used in prior measurements. With the low f, heat diffuses up to 50 µm in either side of the laser beam at 80 K. Thus, we argue that to derive the intrinsic thermal conductivity tensor of bulk BP at 80 K, the sample size should be at least 100 µm.
To ensure the accuracy and consistency of our beam-offset measurements, we systematically performed multiple measurements on our BP samples: 1) we repeated measurements for when ZZ axis was horizontal and when it was vertical; 2) we performed
an additional measurement 6 months after the initial sample preparation, to check for any degradation of our BP samples, which we found none; 3) we rotated our samples and performed measurements along different crystallographic orientations. We achieve excellent agreement for all these measurements, see Fig. 2 and more detailed discussion in Methods. at 300 K using w0 = 2.5 µm and f = 0.5 MHz, and (c) at 80 K using w0 = 5 µm and f = 0.5 MHz. Three sets of measurements are plotted concurrently: one measured when the angle between ZZ axis and horizontal scan direction is 0˚ (red squares), one measured after the sample was rotated by 90˚ (blue triangles), and one after the sample was stored under ambient conditions for 6 months (black circles). 26 and Jang et al. 22 , but for ΛTP, our value is >25%
higher than prior measurements. We argue that prior ΛTP is artificially low because the measurements were performed with f = 9-10 MHz, see the discussion below. 18 Our values thus represent the thermal conductivity tensor of bulk BP. We compare the derived ΛTP, ΛZZ and ΛAC in the temperature range of 80 -300 K to first-principles calculations of the thermal conductivity of bulk BP by Zhu et al. 4 and of phosphorene by Jain et al., 7 Zhu et al. 4 and Li et al. 8 in Fig contacts on BP is also higher than the corresponding thermal conductance of metal contacts on graphite 22 and graphene 23, 24 ; we attribute this observation to better match of the Debye temperature between the metal and BP 23 . In Fig. 5 , we compare our thermal conductivity measurements on bulk BP to prior measurements on BP flakes, to advance our knowledge of anisotropic heat transport in BP.
We first compare the apparent through-plane thermal conductivity ΛTP that we derived from our TDTR measurements with a modulation frequency of 0.5 ≤ f ≤ 10 MHz, to prior measurements on BP and graphite flakes, see Fig. 5a . Frequency dependence of TDTR measurements has been developed into a convenient approach to probe the mean-free-paths of phonons, 19, 28 even though questions still remain on how to accurately interpret the measurements, especially how to handle the nonequilibrium heat transfer across the interfaces. 29 We previously solved the Boltzmann transport equation on a semi-infinite solid using a boundary condition relevant to TDTR and FDTR, and showed that as long as the distribution of phonon mean-free-path is sufficiently wide (e.g., in alloys when heat is carried mainly by low-energy phonons 29 ), the apparent thermal conductivity measured by TDTR could be crudely approximated by assuming an additional boundary scattering at a characteristic length of Lc = 2d. 18 We thus plot our frequency dependence measurements as a function of 2d in Fig. 5a . For a fair comparison, we also plot prior measurements on the BP and graphite flakes as a function of LC, which is defined as flake thickness or 2d, whichever smaller.
Comparing the thermal conductivity of BP flakes and our frequency dependence measurements of ΛTP, we find that ΛTP of BP flakes with thickness of 100  600 nm are ~40 % lower than our measurements of ΛTP of bulk BP, see Fig. 5a . We thus conclude that heat is predominantly carried by phonons with  > 0.1 m in TP direction. We also find that the reduction of ΛTP in BP flakes is very similar to the reduction of ΛTP in graphite flakes. 30, 31 This is not surprising since in the through-plane direction, heat is mainly limited by weak van der Waals' forces in both BP and graphite.
In Fig. 5b , we compare ΛZZ and ΛAC of bulk BP to that of BP flakes. Again, we plot all measurements as a function of Lc, as defined above. Different from ΛTP, we find that ΛZZ and ΛAC of submicron BP flakes are similar to our measurements of ΛZZ and ΛAC of bulk BP, see Fig. 5b . We thus conclude that heat is predominantly carried by phonons with  < 0.1 µm in the ZZ and AC directions. 5 (blue down triagnles), Lee et al. 6 (green triangles), Jang et al. 11 (red squares), and Zhu et al. 4 (megenta right triangles) The measurements of lengthdependent thermal conductivity of single-layer graphene (SLG) by Xu et al. 33 is also plotted for comparision. Solid and dashed lines are first-principles calculations of the thermal conductivity accumulation function in phosphorene by Jain et al. 7 (green) and of size dependent thermal conductivity of phosphorene by Li et al. 8 We thus concluded that the anisotropy that we observed in the basal plane is mostly due to the anisotropy in phonon dispersion 7, 33 (and thus the speed of sounds)
and not the anisotropy in the relaxation times.
We notice that at low temperatures, ΛZZ/ΛAC of BP nanoribbons measured by Lee et al. 6 approaches 1, see Fig. 3 . As we discussed above, even if the mean-free-paths of phonons are limited by the sample size due to strong boundary scattering, heat transport should still be anisotropic for BP nanoribbons due to the anisotropy in the speed of sounds.
Thus, low temperature measurements of Lee et al. 6 might indicate that their BP nanoribbons could be seriously oxidized, resulting in isotropic speeds of sounds.
The anisotropy in the through-plane direction (ΛAC/ΛTP), however, behaves very differently. We find that ΛAC/ΛTP  4 for bulk BP, see anisotropy of thermal conductivity in the TP direction. We thus conclude that the anisotropy of thermal conductivity in the TP direction is mainly due to the anisotropy in the phonon relaxation times. Also, we find that, ΛAC/ΛTP is as large as 10 for submicron BP flakes, see Fig. 5c . This is due to the fact that even though the thermal conductivity is >4 times larger in the AC direction, the mean-free-paths of the dominant heat carrying phonons are much longer in the TP direction. We attribute this interesting observation to the fact that the weak van der Waals' bonding selectively scatters high-energy phonons, but not low-energy phonons. 36, 37 As a result, heat is carried across the basal planes mainly by low-energy phonons with longer mean-free-paths.
In summary, we report the thermal conductivity tensor of bulk BP in the temperature range of 80  300K. By comparing our measurements on bulk BP to the prior measurements on BP flakes, we derived the following important conclusions. 1) We find that phonons are mainly scattered by Umklapp processes in all crystallographic orientations.
2) We find anisotropy of thermal conductivity in the basal planes is mainly due to anisotropy in phonon dispersion, while the anisotropy in the through-plane direction is mainly due to anisotropy in phonon relaxation times. 3) We find that the mean-free-paths of dominant heat-carrying phonons are >100 nm in the through-plane direction, but are <100 nm in the zigzag and armchair directions. 4) The longer mean-free-paths in the TP direction could be originated from selective scattering of high-energy phonons by the weak van der Waals's bonding. Our work thus advances the fundamental understanding of anisotropic heat transport in BP.
Methods:
BP-2 and BP-3 were prepared using the following method: 20 mg Sn, 10 mg SnI4 and 500 mg red phosphorus were weighed in a silica glass ampoule of 10 cm length, an inner diameter of 1.0 cm and a wall thickness of 0.25 cm. The ampoule was evacuated and placed horizontally in a dual zone split tube furnace, with the starting materials mixture located in the hot zone and the empty ampoule side in the colder zone. The reaction temperature was set to be 650 ˚C and 600 ˚C for hot zone and colder zone respectively and held for 1 h, and then cooled to 300 ˚C during 24 h for both zones.
Polarized Raman spectroscopy was conducted using a home-built micro-Raman setup. We use a p-polarized 532-nm continuous wave laser to excite the Raman spectra.
We employ a linear polarizer before the spectrometer to collect only Raman-scattered light with polarization parallel to the polarization of the incident laser (i.e., the parallelpolarization configuration). The laser power was 3 mW and the spectrometer integration time is 2 s for all our measurements. More discussions can be find in Supplementary Information.
In polarized Raman spectra, B2g mode shows a simple angular dependence, see Fig.   1c , and is insensitive to laser wavelength and sample thickness; 12 thus, we use B2g peak to accurately determine the crystallographic orientations of BP. In previous studies, 13 the ZZ (or AC) axis was determined through continuous monitoring of the height of the B2g peak till the height is minimum. However, we find it difficult to accurately pinpoint the minimum height and thus previous procedure has large uncertainty. Instead, we conduct polarized Raman measurements every 15˚ and plot the integrated intensity of the B2g peaks as a function of rotation angle, see the red circles in Fig. 1d . We then fit the measurements with sin 2 (2(θ+α)), where θ is the rotation angle and α is the correction angle. (see Supplementary Section 1) The fitted α is usually small (in Fig 1d, α=0) and can be used to accurately determine ZZ (or AC) axes. The uncertainty of our approach is ~2, see the blue squares in Fig. 1d . We then capture images of identifiable features on samples (e.g., the orientation of edges) by an in-situ bright-field microscope, to assist determination of the crystallographic orientations during thermal measurements. (Supplementary Section 2) .
In the beam-offset TDTR measurement, a pump beam with a small w0 is modulated at a low frequency f, resulting in a wide in-plane heat spread. To profile the temperature distribution generated by the pump beam, a probe beam is systematically offset in either the horizontal or the vertical directions while the out-of-phase signals at -100 ps are recorded, akin to measurements of laser spot sizes by autocorrelation, 16 see Fig. 2a and 2c.
(In most of our measurements, the horizontal and vertical directions correspond to the ZZ and AC axes of BP, respectively.) We then derived the in-plane thermal conductivity from full-width-half-maximum (FWHM) of the beam-offset measurements by comparing the FWHM to calculations of an anisotropic thermal model, 16 see Supplementary Section 5 for the iteration approach we applied to derive ΛZZ and ΛAC. As an internal consistency check, we compared two sets of measurements on BP-1, one performed when ZZ axis was horizontal and when it was vertical. We achieved an excellent agreement for both measurements, see Figs. 2a and 2c. In addition, to ensure that our BP samples are properly passivated, we also performed another set of experiments 6 months after the initial sample preparation. We observed no changes in the beam-offset data, see Fig. 2a and 2c, indicating that with the Al passivation, our BP samples did not deteriorate over time.
We also ensure that our approach to determine the crystallographic orientations by 
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where θ is the angle between ZZ axis and incident (or scattered, since they are parallel) laser beam polarization, ϕca the phase difference between c and a, as both are complex numbers with phases.
We learn that the angular dependent intensity of Ag modes are quite complex and are sensitive to both BP thickness and laser-wavelength, while B2g mode show a simple sin 2 (2θ) dependence. Detailed discussions of the angular dependence behavior of Ag modes and B2g mode can be found in Supplementary Refs. 2, 3. Here we will not go to details as our purpose is to identify the crystal orientation using polarized Raman spectra.
The angular dependent intensity of B2g peaks can be fit by sin 2 (2θ). We take note that θ is the angle between ZZ axis and incident laser beam polarization, not the rotation angle from when the height of B2g peak is minimum. There is normally a small correction angle α between ZZ axis and the initial orientation when the height of B2g peak is minimum, since the minimum is determined subjectively and with large uncertainty. We then fit intensity of B2g peaks by sin 2 (2(θ+α)), and the resulting α could help us find the real ZZ axis with rather small uncertainty.
Homogeneity of BP-1. Since BP-1 is quite large, we checked its homogeneity by conducting polarized Raman measurements on 4 randomly chosen points at corners. The
Raman spectra are shown in Fig. S1 . The B2g peaks are zero and the ratios of integrated 
S2. Transfer samples to TDTR stage
After ZZ axis is identified using the polarized Raman spectroscopy, we have to move the samples to TDTR stage for thermal measurement. In Raman setup, we have determined that the ZZ axis is parallel to the laser polarization direction, i.e. horizontal. In TDTR setup, normally we set the horizontal (vertical) scan along ZZ (AC) direction. (By saying horizontal scan, we mean that pump and probe beams offset horizontally from one side to the other side.) So the samples should be moved from Raman stage to TDTR stage with the crystal orientation maintained.
We make use of the sample edges to help us identify the sample orientations. First, we take an image using bright-field microscope in our Raman setup after the crystal orientations are identified (Fig.S2a) . One edge is chosen and the angle between it and the horizontal reference line is 36˚. Second, we move the sample to TDTR stage, and take another image. The same edge will be found and the angle between it and the horizontal reference line should maintain the same (Fig. S2b) .
Supplementary Figure S2 . Bright field microscope image of sample BP-1 taken at Raman setup (a) and after transferred to TDTR setup (b). The same edge is used and the angle between it and the horizontal reference line (red solid lines) are maintained the same. We also rotate the sample up to 30˚ to do TDTR measurements. An example is shown in (c) when the sample is rotated by 30˚. We measure ΛZZ and ΛAC of BP by the beam-offset TDTR method. 5 Unlike previous measurements using NbV 6 and TbFe 7 as transducer, we use Al as transducer for measurements at 80 K -300 K due to its heat capacity is well reported within the
S3. TDTR and beam-offset TDTR measurements
temperature range. We use a power of ~20 mW for pump beam and ~6 mW for probe beam, which will result in similar steady-state temperature rises to those in TDTR measurements.
S4. Measurement sensitivity and uncertainty analysis in TDTR and beam-offset TDTR
For conventional TDTR, the ratio R=-Vin/Vout is used to extract the thermal conductivity, thus, the sensitivity parameter Sα is defined as 8 ln ln
where α is the parameter used in the thermal model for TDTR, such as the thermal conductivity of substrate Λ, the thickness of Al, or the heat capacity of substrate.
For beam-offset TDTR, the FWHM of out-of-phase signal Vout is used to extract the in-plane thermal conductivities. 5 In such case, the sensitivity parameter Sα FWHM is defined as
where α is defined the same as above.
Supplementary Figure S3 . Sensitivity of TDTR signals to components of the thermal conductivity tensor along TP, ZZ and AC axes at 80 K (a) and at 300 K (b). We assume laser 1/e 2 radii w0 of 1-50 µm and modulation frequencies f of 10 MHz (solid lines) and 0.5 MHz (dased lines), respectively, in both figures. Figure S4 . Sensitivity of FWHM in the beam-offset TDTR measurements, to components of the thermal conductivity tensor along TP, ZZ and AC axes, at 80 K (a) and at 300 K (b). we assume f = 0.1-10 MHz and w0 =2.5 µm (solid lines) and 5 µm (dased lines), respectively. At 300K, the sensitivities of FWHM to ΛZZ and ΛAC are 0.227 and 0.157, repectively, for f=0.5MHz and w0=2.5 µm. These values are larger than those in previous measurements by Jang et al. 6 (0.15 and 0.11) and by Zhu et al. 7 (0.21 and 0.14) using f=1.6 MHz and w0 ~ 2.5 µm, since our f is much lower than theirs, altough the Al transduer we used has a higher thermal conductantity than NbV used by Jang et al. 6 and TbFe used by Zhu et al. 7 .
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After calulations of measurement sensitivity to all parameters are finished, we then evaluate the measurement uncertainty of ΛTP, ΛZZ and ΛAC using the following equation 
where Δα/α is the uncertainty of parameter α, δϕ is the phase uncertainty. Please note that the uncertainty of phase is not considered in beam-offset TDTR measruements, since the the out-ofphase signal at -100ps is insentivite to phase, which result in a much lower measurement sensitivity of FWHM to phase comparing with TDTR measurements.
For beam-offset TDTR, we first calculate the uncertainty of FWHM. The uncertainty of FWHM will be translated to uncertainty of ΛZZ and ΛAC by FWHM -ΛZZ and FWHM -ΛAC
plots. An example of such plot is shown in Supplementary Figure 6 in next section.
S5. Data analysis for beam-offset TDTR measurements
The beam-offset TDTR will lead to a measurement as in Fig. 2a , where FWHM of Vout is used to calculate ΛZZ and ΛAC. To extract ΛZZ and ΛAC, we first fit the measurements using an isotropic thermal model, 5, 9 i.e. assuming ΛZZ = ΛAC, which is shown as green lines in Fig. 2a . Although the sensitivity to ΛAC (ΛZZ) of the FWHM along ZZ (AC) direction in beam-offset measurement is rather small (for example, the sensitivity to ΛZZ is 0.227 while is 0.019 to ΛAC when pump and probe beams offset along ZZ direction for the case of Then, for the 3 rd iteration, we put the second data set ΛZZ, 2 and ΛAC, 2 as the input in the anisotropic thermal model, the calculated FWHM is shown in Fig. S5-2 . The third set of ΛZZ and ΛAC will be extracted, and the values (ΛZZ, 3 Since ΛZZ, 3 and ΛAC, 3 are already very close to ΛZZ, 2 and ΛAC, 2, another iteration for calculation of FWHM using the anisotropic model with ΛZZ, 3 and ΛAC, 3 as input are unnecessary. Nevertheless, we still calculate them and find that it gives the same thermal conductivities as ΛZZ, 3 and ΛAC, 3. 
